Hydroxyapatite nanoparticles (nHA) have been used in different biomedical applications where certain particle size distribution and morphology are required. Chitosan/hydroxyapatite (CS/HA) nanocomposites were prepared using in situ coprecipitation technique and the effect of the reaction temperature on the crystallization and particle growth of the prepared nanohydroxyapatite particles was investigated. The composites were prepared at different synthesis temperatures (−10, 37, and 60 ∘ C). XRD, FTIR, thermal analysis, TEM and SEM techniques were used to characterize the prepared specimens. It was found that the increase in processing temperature had a great affect on particle size and crystal structure of nHA. The low temperature (−10 ∘ C) showed inhabitation of the HA growth in c-direction and low crystallinity which was confirmed using XRD and electron diffraction pattern of TEM. Molar ratio of the bone-like apatite layer (Ca/P) for the nanocomposite prepared at 60 ∘ C was higher was higher than the composites prepared at lower temperatures (37 and −10 ∘ C).
Introduction
Natural bone is a complex inorganic-organic nanocomposite, in which hydroxyapatite [HA, Ca 10 (PO 4 ) 6 (OH) 2 ] nanocrystallites and collagen fibres are well arranged in a hierarchical architecture [1] . High mechanical strength and fracture toughness of the bone were attributed to reinforcement of flexible collagen fibers with HA nanocrystals [2] . Bone is one of the human body tissues that can be replaced or repaired after fracture [3] . Bone can be repaired by autografts, allografts, or use of implant (e.g., scaffold, screws, nail, and plates). Bone fixation devices have been widely used in order to obviate the complications of autografts and allografts procedures such as infection and pain [4, 5] . Metallic implants have been applied for bone fixation since 1895 [6] . However, bioresorbable polymers such as poly lactic acid, poly glycolic acid, and chitosan were introduced as alternative for metals to overcome the complications of metallic devices such as stress shielding, corrosion, and removal surgery [7] .
Bioresorbable polymers have been applied for biomedical application due to their various properties (e.g., biocompatibility, biodegradability, porosity, charge, mechanical strength, and hydrophobicity). Furthermore, they could be chemically modified by change of polymerization conditions and ratios of the monomers within the copolymers [1] . Natural polymers such as chitosan (CS) have been replacing synthetic polymers due to their biocompatibility and nontoxic nature of their degradation products [8] . Chitosan as a biofunctional material offers excellent biocompatibility, biodegradability, and osteoconductive properties. Moreover, it can be degraded enzymatically to harmless products in the human body [9] . The potential applications of chitosan and derivatives were attributed to their cationic nature. Chitosan could be considered as a linear polyelectrolyte with a high charge density which could interact with negatively charged surfaces such as proteins. Thus, these superior properties made chitosan and its derivatives ideal materials for biomedical applications [10] .
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Polymers showed limited bioactivity and mechanical properties. Therefore, addition of bioactive fillers such as HA or bioactive glass became essential to overcome the limitations of pure polymeric implants. HA can promote the formation of bone-like apatite on its surface (i.e., bioactivity) [11] . Polymer/HA composites showed a good capability of promoting osteoblast adhesion, migration, differentiation, and proliferation [12] . Thus, these composites have a potential for bone repair and regeneration applications. The geometrical dimensions of HA play a crucial role in mechanical and biological performance of the composites. It was reported that use of nanosized HA particles (n-HA) caused a significant increase in protein adsorption and cell adhesion to the surfaces of the scaffold and improved the mechanical and biological properties [13, 14] . Misra et al. [15] reported advantages for the use of bioglass nanoparticles in comparison with microsize, related not only to mechanical properties but also to the bioactivity of the composites. The enhancement in mechanical properties was attributed to increase in the interfacial surface area of nanoparticles [16] , whilst the improvement in bioactivity was ascribed to the formation of nanotopography on the nanocomposite surfaces.
Mechanical properties of nanocomposites could be controlled by several parameters such as properties of the matrix and fillers, distribution of the fillers, preparation method, and matrix/particles interfacial bonding. Efficiency of load transfer from the polymer matrix to nanoparticles is mainly dependent on strength of matrix/particle interface. Thus, surface modification of nanoparticles is required in order to promote better fillers dispersion and to enhance the interfacial adhesion between the matrix and the nanophases [17] [18] [19] .
Dispersion of nanoparticles is the main challenge of preparing nanocomposites. Therefore, in situ synthesis procedure of nHA in chitosan matrix was used in the current study. A few attempts were applied to investigate the effect of processing conditions (e.g., polymer type, temperature, pH, and agitation rate) on the particle size and morphology of insitu prepared HA in polymer matrices. The type of polymer exercises a selective influence on the crystallites size and ratios of detected calcium orthophosphates [20] . The crystallinity and crystallite size of the HA nanoparticles increased with increasing synthesis temperature [21] [22] [23] [24] [25] [26] . Martínez-Castañón et al. [27] reported that the prepared HA at higher pH values demonstrated high crystallinity which was attributed to the presence of OH − groups at high concentration. Salimi et al. [28] found that cuboidlike particles were obtained at lower agitation rates, whilst elongated particles were obtained at high shear (i.e., at high agitation rate) created by the homogenizer. The effect of calcination temperature on particle size of HA was also previously demonstrated [29] [30] [31] .
This study aimed to investigate the effect of reaction temperature on the particle morphology and size of the CS/nHA nanocomposite using in situ coprecipitation method. This method was used in order to overcome the aggregation of HA nanoparticles.
Materials and Methods

Materials.
Chitosan powder was purchased from Acros Organics (USA) with a molecular weight of ∼300,000 and Ndeacetylation degree of 86%. Calcium hydroxide Ca(OH) 2, (ANALAR, UK) and orthophosphoric acid (H 3 PO 4 , purity 99.9%, Sigma-Aldrich) were used as starting precursors for hydroxyapatite.
Sodium chloride (NaCl), sodium hydrogen carbonate (NaHCO 3 ), potassium chloride (KCl), dipotassium hydrogen phosphate (K 2 HPO 4 ), magnesium chloride hexahydrate (MgCl 2 ⋅6H 2 O), calcium chloride (CaCl 2 ), sodium sulfate (Na 2 SO 4 ), Tris-hydroxymethyl aminomethane: (HOCH 2 ) 3 CNH 2 , and 1 M hydrochloric acid (HCl) were obtained from Fisher Scientific and were used as starting precursors for preparation of SBF solution.
Preparation of CS/HA Nanocomposite.
The chitosan/n-HA composites of weight ratio 30/70 were synthesized by the following procedure. Chitosan solution having a concentration of 3 wt% was prepared by dissolving of chitosan in 2 wt% acetic acid with stirring for 8 h to get a perfectly transparent solution and left overnight to get off the air bubbles. Afterwards, a 10 wt% solution of H 3 PO 4 was added to the chitosan solution. The chitosan/H 3 PO 4 solution was then dropped at the rate of ∼3 mL min −1 into the 4% ethanol solution of Ca(OH) 2 with mechanical stirring. The titration procedure was performed using ultrasonic apparatus (Fisher Scientific, Model FS9H W/T, USA) filled with water and the temperature was adjusted at −10 ∘ C ± 1.0 by using a mixture of crushed ice/NaCl (with weight ratio of 3/1) and acetone. Warm water was used to obtain the temperature of 37 ∘ C ± 1.0 and 60 ∘ C ± 1.0. Temperature values were measured using mercury thermometer. The pH was also adjusted to be ∼10 using NaOH solution. After titration process, the solution was stirred for 24 h, and then the produced slurry was aged for further 24 h. Finally, the precipitates were filtered and washed several times with deionized water, dried in vacuum oven at 50 ∘ C, and stored in a desiccator until characterization. The same procedure was performed at 37 ∘ C to prepare pure hydroxyapatite (HA).
Characterization Techniques
X-Ray
Diffraction. The X-ray diffraction (XRD) measurements were performed for HA powder, CS alone, and composite samples using a diffractometer (Bruker Axs D8 Advance, Germany). CuK radiation ( = 1.54Å) was used at voltage of 40 kV and current of 25 mA. The samples were scanned using a step-scanning method with scanning speed of 2 = 2 ∘ /min in the range from 5 ∘ to 55 ∘ of the diffraction angle (2 ).
Determination of Crystallites Size and Crystallinity.
The average crystallite size ( ) was determined using Scherrer's equation [32] :
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where 002 is the full width at half of the maximum in degree and is a constant (0.24).
Fourier Transform Infrared (FTIR) Spectroscopy Analysis.
Identification of functional groups of produced HA and composites was confirmed using FTIR (Nicolet Spectrometer model 670 with a FT-Raman accessory, USA). The specimens were scanned in transmittance mode in the region of 4000 and 550 cm −1 (wave numbers) using KBr pellet technique with a resolution of 4 cm −1 . Approximately 2 mg of the samples powder was carefully mixed with ∼198 mg KBr and pressed into a pellet.
Thermogravimetric Analysis (TGA).
The TG analysis was conducted for the specimens using a differential thermal analyzer (Setram Labsys TG-DSC16) under inert gas. A sample size of 6-10 mg was placed into a small platinum crucible and heated from room temperature to 1000 ∘ C at the rate of 10 ∘ C/min. The weight loss (%) against the temperature of the specimens was determined.
Electron Microscopic Analysis.
The prepared n-HA and their dispersion, morphology, and particle size in the chitosan matrix were examined using transmission electron microscopy (TEM). This was performed by a JEOL 2010 (Japan), using an accelerating voltage of 200 kV and a copper electron microscopic grid supported by a porous carbon (mesh size 300) film. The surface topography of the pure n-HA and the composites was characterized using a scanning electron microscopy (JXA840 JEOL, SEM, Japan) at an accelerating voltage of 15 kV and a working distance of 10 mm. Specimens were sputter-coated with carbon for energy dispersive X-ray (EDX) analysis. EDX test was conducted for the composites after soaking in stimulated body fluid (SBF) for 4 weeks. It was used for determining calcium to phosphate ratio (Ca/P) to confirm the formation of apatite layer on the surface of CS/HA composites.
2.3.6. In Vitro Bioactivity Test. Bioactivity of the produced composites was examined via apatite formation by soaking in SBF solution. SBF solution was prepared according to the procedure presented by Li et al. [33, 34] . The samples were immersed in SBF solution for 4 weeks.
Results and Discussion
3.1. X-Ray Diffraction Analysis. Figure 1 shows the XRD patterns for chitosan, pure HA, and the prepared composites at different reaction temperatures. Two broad peaks were detected at 2 = 11 ∘ and 20 ∘ for pure CS. From the diffraction pattern of HA, the main peaks were observed at 2 = 25.7 ∘ , 32.08 ∘ , 32.93 ∘ , 34.58 ∘ , 39.48 ∘ , 46.48 ∘ , and 49.98 ∘ . This was consistent with JCPDS card number 09-0432 and no other calcium phosphate phases were detected indicating that the produced specimens are pure HA. These peaks corresponded to the diffraction plans of (002), (211), (122), (300), (310), (222), and (213), respectively. XRD patterns for chitosan/HA nanocomposite prepared at −10 ∘ C, 37 ∘ C, and 60 ∘ C were represented in traces (c), (d), and (e), respectively (see Figure 1 ). All characteristic peaks of HA were also detected in the patterns of the composites, whilst CS peaks could not be significantly seen which was suggested to be due to the huge difference in the intensity of the diffraction peaks between HA and CS. This confirms that the in situ prepared calcium phosphates within the composites are exactly HA. Yamaguchi et al. [35] investigated XRD patterns for pure chitosan and CS/HA composites of weight fractions 80/20, 50/50, and 20/80. They assigned the detected peak for CS at 20 ∘ to aligned chitosan chains due to intermolecular interactions. They also found that the intensity of this peak decreased for the composites with increasing the amount of HA. This was suggested to be due to the reduction of chemical interaction between chitosan molecules by increasing the HA content. No significant difference was observed in XRD profile between composites prepared at 37 ∘ C and 60 ∘ C. A considerable change in resolution of the diffraction peaks was observed by changing the reaction temperature from −10 to 60 ∘ C (Figure 1 ). The height of the peaks at 2 = 32.9 ∘ and 34.6 ∘ decreased and converted into shoulders in case of the composite prepared at −10 ∘ C. This could be ascribed to either a poor crystallinity or a very small crystal size of the produced HA nanoparticles [27, 34] . Similar results were presented by Luo et al. [36] for collagenchitosan-hydroxyapatite nanocomposites prepared at 4 ∘ C. The prepared composites at higher synthesis temperatures (37 ∘ C and 60 ∘ C) showed similar trends comparing with pure HA. Percentage of crystallinity and crystallite size of HA is expected to increase by increasing the processing temperature [21] [22] [23] 27] . Figure 2 shows the change in crystallite sizes and percentage of crystallinity for CS/HA nanocomposites produced at different synthesis temperatures. The crystallite size of the HA nanoparticles increased from ∼15 nm to ∼21 nm with increasing the reaction temperature from −10 ∘ C to 60 ∘ C. A gradual increase was also seen in crystallinity of the composites from ∼10% at −10 ∘ C to ∼25% at −60 ∘ C. Since the average crystallite size and the percentage of crystallinity are inversely proportional to the width at half maximum of (002) reflection of HA, they exhibit a good correlation. that the hydroxyl group on the surface of n-HA might interact with the plentiful amino and hydroxyl groups of chitosan by the formation of hydrogen bonds.
FTIR Spectroscopy
Thermal Analysis.
The thermal stability of pure Cs, pure n-HA, and Cs/n-HA composites is shown in Figure 4 , which plots residual weight versus temperature. The composites were found to be thermally stable in the temperature region between 50 and 250 ∘ C. All the traces show a continuous weight loss from 50 to 1000 ∘ C. Degradation of chitosan and the composites showed two stages in their TGA curves [37, 38] . The thermal behavior shows a small weight loss in the temperature range from 60 to 100 ∘ C and a continuous weight loss from 245 to 450 ∘ C. The first degradation stage can be explained by the loss of water and the second stage was ascribed to thermal decomposition of chitosan. When the temperature increased from 250 ∘ C to 340 ∘ C, the weight decreased sharply with the increasing of temperature because of decomposition of the organic components. The total weight loss for pure chitosan is about 74% due to the polymer degradation. The pure hydroxyapatite is a stable phase up to 1200 ∘ C [39] and the weight loss that occurred in the composite is due to the chitosan polymer. The incorporation of HA into chitosan improved the thermal stability of the composite because of potential hydrogen bonding between chitosan functional groups and HA crystallites.
Morphology Observation.
The TEM microstructure of nanohydroxyapatite formed within chitosan at different synthesis temperatures is shown in Figure 5 . The formation of rod shape of HA in the chitosan polymer matrix can be seen. Some aggregates of needle-shape particles randomly oriented were also observed in the prepared composite at −10 ∘ C. Pure n-HA and the prepared composites at 37 ∘ C and 60 ∘ C are constituted by aggregated rod-like particles. This aggregation was attributed to Van der Waals interaction by Martin et al. [40] . The pure n-HA has hexagonal rod shape with dimensions of ∼12-26 nm width and ∼32-87 nm length. This size increases as the synthesis temperature increases. The individual particles in the specimen prepared at 60 ∘ C showed a rod-like shape with diameter range of 30-50 nm and a length of 80-150 nm. The possible nanoneedle nucleation and growth to the nanorod and consecutive hexagonal transformation could be attributed to the relative specific surface energies, which determine the OH-quantity, associated with the different facets of HA crystal [41] . This was suggested to be due to the fact that the chitosan solution became less viscous at elevated synthesis temperature and can consequently form coordination with metal ions via its amine group. Formation of amine-calcium ions complex is highly suggested for chitosan-hydroxyapatite interaction; however, the interaction of amine groups with calcium is much weaker than transitional metal [35] . From electron diffraction patterns for the CS/HA composites (see Figure 5 ), sharp rings can be observed corresponding to (002) situ prepared apatite particles in the chitosan matrix are in nanosizes. Examination of apatite formation on a material surface after immersion in SBF is useful for predicting the in vivo bone bioactivity of a material. Therefore, the numbers of animals used and the duration of animal experiments can be reduced remarkably [33] .
The SEM micrographs of the surface and cross-section of molded composite prepared at different temperatures before and after immersion in SBF for four weeks at 37 ∘ C are shown in Figure 6 . The surface of composite prepared at −10 ∘ C was much rougher than the other composites. SEM of samples surface before immersion in SBF reveal aggregated clusters of hydroxyapatite and chitosan which might refer to the possible conformation change of chitosan chain to random coil at alkaline environment and their ability to envelop HA particle. The hydrogen bond between chitosan chains might cause an approximation between the chains forming the irregular shapes that can be seen in all samples SEM micrographs. It might be possible that the decrease of the temperature during the coprecipitation method might decrease the mobility of the polymer chains forming higher degree of aggregated clusters, as can be monitored by increasing the surface roughness by decreasing the synthesis temperature.
SEM images for the composites after immersion for 4 weeks in a cellular SBF solution-associated EDX area analysis of formed apatite layer revealed that Ca/P molar ratio of the apatite layer was high for the nanocomposite prepared at 60 ∘ C in comparison to the other specimens. However, no significant difference in stoichiometry of the apatite layer was detected for the composites prepared at 37 and −10 ∘ C. Finally, the formation of a bone-like apatite layer on the surface of the composites after immersion in SBF is indicative of high bioactivity of the produced CS/HA composites.
Conclusions
In this work, chitosan/n-HA composites were prepared at different temperatures by a coprecipitation method. The in situ prepared HA particles within the composites were crystalline with nanometer sizes. An excellent miscibility was seen between chitosan and n-HA. Disappearance of other phases of calcium phosphate indicated that the chitosan matrix did not change the crystallographic structure of HA in ISRN Biomaterials 7 the composites but it promoted their crystallization. Decrease in resolution of diffraction peaks at 33 ∘ and 34.6 ∘ in the XRD pattern for prepared composites at −10 ∘ C was attributed to less crystallinity and inhabitation of nHA growth at lower temperatures. This was confirmed from TEM analysis. Increase in the temperature resulted in enhancing the particle size which was ascribed to faster growth rate of HA at higher temperatures in comparison with low temperature (−10 ∘ C).
